A series of viable recombinants between adenovirus 2 (Ad2) and simian virus 40 (SV40) (nondefective Ad2-SV40 hybrids) have been isolated. The members of this series (designated Ad2+ND, through Ad2+ND5) differ from one another in the early SV40-specific antigens and the SV40-specific RNA species which they induce in infected cells. They also contain different amounts of SV40 DNA as shown by RNA-DNA hybridization techniques. We have examined the structure of the DNA molecules from these hybrids, using electron microscope heteroduplex mapping techniques. Each hybrid was found to contain a single segment of SV40 DNA of characteristic size covalently inserted at a unique location in the adenovirus 2 DNA molecule. The SV40 segments of the various hybrids formed an overlapping series with a common end point. When the results of the electron microscopic study were combined with data on antigen induction, it was found that a self-consistent map could be constructed which related specific regions of the SV40 genome to the induction of specific antigens. The order of these early SV40 antigen inducing regions in the SV40 DNA segments contained in the nondefective hybrids is: U antigen, tumor specific transplantation antigen, and T antigen with the U antigen region being nearest the common end point.
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Adenovirus (Ad)-simian virus 40 (SV40) hybrids are virus particles which contain both SV40 and adenovirus genetic information in the same adenovirus capsid. The genomes of all Ad-SV40 hybrids which have been tested thus far have been shown to contain part or all of the SV40 DNA molecule covalently inserted into the adenovirus DNA molecule (1, 3, 4, 7, 10, 18) . The first Ad-SV40 hybrids which were isolated were defective; i.e., they required coinfection with nonhybrid adenovirus for their propagation (2, 13, 15, 20) . Recently, however, a series of five nondefective Ad2-SV40 hybrids have been isolated and plaque purified (11, 12) . The members of this series (designated Ad2+NDl through Ad2+ND5) are genetically stable, capable of independent replication without helper virus, and differ from one another in the early SV40-specific antigens which they induce in infected cells (Table 1 ). It seemed likely that the induction of different SV40 functions by the various nondefective Ad2-SV40 hybrids was a consequence of the incorporation into their genomes of different portions of the SV40 genome. This was confirmed by Henry et al. (6) , who showed by RNA-DNA hybridization techniques that each nondefective Ad2-SV40 hybrid contained a different amount of SV40 DNA and by Levine et al. (9) , who showed that each hybrid induced qualitatively different (but overlapping) species of SV40-specific RNA in infected cells (Table 1) .
We studied the structure of the DNA molecules from the nondefective Ad2-SV40 hybrids, using electron microscope heteroduplex techniques. We found that each hybrid contains a single segment of SV40 DNA inserted at a unique location within the Ad2 DNA molecule. The sizes of the SV40 segments ranged from 7 to 43% of the SV40 genome. The SV40 segments of the various hybrids were mapped relative to one another, and the results were compared with the biological data on antigen induction. It was found that a self-consistent map could be constructed which related specific regions of the SV40 genome to the induction of specific antigens. MATERIALS AND METHODS Viruses, virus purification, and viral DNA extraction. The isolation and properties of the five nondefective Ad2-SV40 hybrids have been described (Table 1; references 6, 9, 11, 12, 14, 17) . Pools of these agents used for our experiments contained 10" 3 to 108.6 PFU per ml. The virions in each of these pools represented the progeny of the third tissue culture passage after clonal isolation (11) . To prepare hybrid virions for DNA extraction 32-oz bottle cultures of human embryonic kidney cells were infected with 10 to 40 PFU per cell of third passage virus. The virions were purified, and DNA was extracted as previously described (6) . The pool (titer 1096 PFU/ml) of nonhybrid Ad2 (strain Ad2-) used in these experiments represents the third human embryonic kidney passage of a plaque isolated at high dilution (>10-6) from a titration of the Ad2++ pool 2 (13, 14) (6) . To determine the size and location of the SV40 DNA segment(s) we prepared heteroduplexes between the DNA of each of the hybrids and Ad2 DNA. The DNA of a given hybrid was mixed with an equal amount of Ad2 DNA and then denatured and renatured. Electron microscopy revealed that about half of the renatured molecules in each of the five preparations contained a small substitution loop. Examples are shown in Fig. 1 . Length measurements were made on these Ad2/hybrid heteroduplexes by using single-stranded SV40 rings as internal length standards. The results ( Table 2) showed: (i) that heteroduplexes prepared from a particular hybrid DNA formed a homogeneous population, (ii) that the lengths of the two unpaired strands of the substitution loop were different for heteroduplexes prepared from different hybrids, and (iii) that the location of the substitution loop relative to the ends of the molecule was roughly the same for heteroduplexes prepared from all five hybrids.
Models for the genomes of the nondefective Ad2-SV40 hybrids. Two possible models for the genome of each nondefective Ad2-SV40 hybrid can be constructed, depending on which of the two unpaired strands of the corresponding heteroduplex is assigned to Ad2 and which to the hybrid. The unpaired strand assigned to Ad2 represents a segment of Ad2 DNA deleted from the hybrid genome. The other unpaired strand represents a segment of DNA in the hybrid which is heterologous to Ad2 DNA and which, by inference, contains the inserted SV40 DNA. By using the data of Table 2 , the two possible models for each hybrid genome were computed. The results of this computation are given in Table 3 .
Determination of the correct model. To Given the foregoing interpretation for the structure of the various Ad2+ND4/hybrid heteroduplexes it becomes a relatively simple task to determine the correct model for each hybrid genome. The first step is to use the data in Table 3 to calculate 4 possible structures for each Ad2+ND4/hybrid heteroduplex. This procedure is illustrated in Fig. 4 Table 3 . Two of the calculated structures contain substitution loops and can, therefore, be eliminated (Fig. 4) . The remaining two structures contain deletion loops, but they can be distinguished because the loops are located at different positions (S/(S + L) is 0.17 1 for structure b and 0.190 for structure c. As indicated in Fig. 4 and is correct for the genome of Ad2+ND,, since these were the two models used to generate structure b (Table 3) . Table 5 shows a similar analysis for the remaining Ad2+NDJ/hybrid heteroduplexes and two other hybrid/hybrid heteroduplexes. For each heteroduplex, the calculated dimensions of the four possible structures are given together with the dimensions actually observed. In most cases the observed dimensions are close to only one of the four possible structures. However, in two cases (Ad2+ND,/Ad2+ND, and Ad2+ND,/ Ad2+ND2) the observed dimensions are consistent with two of the calculated structures. In these cases, knowledge that model 2 is correct for the genome of Ad2+ND4 resolves the ambiguity. The data of Table 5 are mutually consistent and indicate that Model 1 is correct for Ad2+NDl, Ad2+ND2, Ad2+ND3, and Ad2+ND5 and that Model 2 is correct for Ad2+ND4.
Thus, Ad2+ND4 contains the largest SV40 genome segment. The SV40 segments of the other hybrids are completely contained within that of Ad2+ND4 and, as indicated above, share a common end point (Fig. 5) . The common end point of the SV40 segments is fixed within the Ad2 genome at a point about 0.140 fractional Ad2 lengths from one end, so that the Ad2 deletions also share a common end point (Fig.  5) . DISCUSSION It has been previously shown by RNA-DNA hybridization techniques that the genomes of the nondefective Ad2-SV40 hybrids contain different amounts of SV40 DNA and that this SV40 DNA is covalently linked to Ad2 DNA (6) . In this paper we have shown that the genome of each nondefective hybrid contains a single continuous segment of heterologous DNA of characteristic size, and further, that these segments form an overlapping series with a common end point. Although it is not directly demonstrated here, we assume that these segments contain SV40 DNA. Direct evidence on this point is presented in the accompanying report which shows that the heterologous DNA in the Ad2+ND4 genome represents a single uninterrupted segment of the SV40 genome (15a). The same must be true of the other hybrid segments, since they all represent subparts of the Ad2+ND4 segment. The genomes of the nondefective hybrids also contain overlapping deletions of Ad2 DNA with a common end point (at 0.140 fractional Ad2 length units from one end of the molecule). The largest deletion is in Ad2+ND5, where the Ad2 DNA segment from 0.140 to 0.211 fractional Ad2 length units is absent. It is interesting that this deletion is ac-647 VOL. 12, 1973 on August 27, 2017 by guest http://jvi.asm.org/ Downloaded from f7.
-X, <'-e , ; .. companied by no detectable decrease in infectivity (11).
In Fig. 5 , the data on the relationship between the SV40 segments of the nondefective hybrids is combined with biological data on the induction of various SV40-specific antigens. It has been shown that Ad2+ND1 induces U antigen, Ad2+ND2 induces U antigen and SV40 tumor specific transplantation antigen (TSTA), and that Ad2+ND4 induces U, TSTA, and T antigens (Lewis and Rowe, manuscript in preparation; reference 11). This biological data correlates well with the physical data on the relationship of the SV40 segments to one another (Fig.  5) . A self-consistent map can be constructed relating specific regions of the SV40 genome to Table 2. the induction of specific antigens. From this map, the order of the early SV40 antigen inducing regions in the SV40 DNA segment contained in the Ad2+ND4 genome appears to be U, TSTA, and T proceeding from the short toward the long duplex segment in Ad2/ Ad2+ND, heteroduplex DNA molecules. Two other hybrids, Ad2+ND3 and Ad2+ND5, do not induce any known SV40-specific antigens. This is not surprising in the case of Ad2+ND3, as it contains only about 7% of the SV40 genome. However, Ad2+NDs contains more SV40 DNA than Ad2+ND, (in fact, the SV40 segment of Ad2+ND5 contains the entire SV40 segment of Ad2+ND1), and yet it does not induce detectable SV40 U antigen. The reason for this is not understood, but is apparently not due to a failure of transcription since it has been shown that the SV40-specific RNA species induced in cells infected with Ad2+ND5 contain all of the SV40-specific RNA species induced in cells infected with Ad2+ND1 (9) . It is interesting that Ad2+ND5 contains the largest deletion of Ad2 DNA of any of the hybrids. It is possible that the deleted segment includes information required for the translation of the SV40 segment in Ad2+ND5.
A. (8, 16, 20) . The fact that these estimates are very close to the size of the SV40 segment in Ad2+ND4, suggests that the regions of the SV40 genome which are transcribed early are contiguous to one another and not scattered throughout the genome. It should be noted in this context that the antigens induced by Ad2+ND4 (U, TSTA, T) are all early SV40 antigens.
The nondefective Ad2-SV40 hybrids are recombinants between Ad2 and SV40. Analysis of their structure reveals that a minimum of two crossovers between Ad2 and SV40 must have occurred to produce each of them. (See reference 7 for a possible mechanism). It is interesting that one of the two crossovers appears to have been the same for all five of the hybrids studied here. The reason for this is obscured by the fact that the nondefective hybrids were all derived from the same virus pool (11) and, therefore, do not represent independent isolates. Thus, it is not possible to say at present whether this particular crossover occurs with a higher probability than other crossovers between Ad2 and SV40. An equally plausible explanation is that the nondefective hybrids were derived from some common ancestor in which this crossover had already occurred. 
